It is concluded that exercise radionuclide ventriculography is an excellent technique for a combined assessment of exercise capacity and an evaluation of ventricular size and performance in children. These values for supine bicycle exercise in children without significant cardiovascular disease will be useful for future comparisons with other groups.
SUMMARY Thirty two children (aged [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] years) with no clinical evidence of significant cardiovascular disease undertook continuous staged supine exercise on a bicycle ergometer. Multigated radionuclide ventriculography was performed at rest and during each exercise stage. Exercise duration and total workload both increased with age. Aerobic work correlated better with age than did total work. In most children the ejection fraction for both ventricles increased by at least 5% with exercise. Right ventricular ejection fraction did not decrease with exercise in any subject but left ventricular ejection fraction decreased by 2% and 9% in two. The response of end diastolic volume to exercise was variable, but there was a consistent decrease in mean (SD) end systolic volume of the left (29(22)%) and right (30(19)%) ventricles. Cardiac index (mean (SD)) increased by 234(65)% with exercise. The left ventricular:right ventricular end diastolic volume ratio (mean (SD)) at rest was 1-26(0 26).
It is concluded that exercise radionuclide ventriculography is an excellent technique for a combined assessment of exercise capacity and an evaluation of ventricular size and performance in children. These values for supine bicycle exercise in children without significant cardiovascular disease will be useful for future comparisons with other groups.
Abnormalities of ventricular performance have been reported in children with diverse types of heart disease.'-' In several studies radionuclide ventriculography and exercise stress testing were used to assess such children.4 - Multiple gated equilibrium radionuclide studies were performed with the subject in the supine position at rest and during the final 3 minutes of each exercise stage. We have already described and validated our data acquisition and analysis techniques.9'-1 All studies were analysed to obtain right and left ventricular ejection fractions at rest and during peak exercise. In addition, we used a geometric formula to calculate left ventricular volumes at rest and with exercise. From these volumes and the ejection fraction we estimated the cardiac index at rest and during peak exercise. Using the regional blood counts, we also calculated a left ventricular to right ventricular volume ratio.
We required at least 1 minute of data acquisition during exercise to accumulate adequate radionuclide data. Eleven children exercised for less than 2 minutes (mean (SD) 1-0(0-4) minutes) of their final exercise stage. Thus for these children we used the preceding radionuclide image (obtained during the stage just before maximum exercise) to calculate peak exercise performance indices. The remaining Table 1 Exercise performance in children aged 5-9 years (group 1), 10-14 years (group 2), and 15-19 years (group 3)
No patients
Heart rate (beats/min) 80 (15) 86 (20) 111 (24) Heart rate always increased by at least 55 beats per minute and blood pressure increased by at least 20 mm Hg (systolic).
We divided patients into three groups (group 1, 5-9 years; group 2, 10-14 years; group 3, 15-19 years) to determine the effect of age and sex on exercise variables.
Sex-There were 43%, 35%, and 38% female patients in groups 1, 2, and 3 respectively. We found no significant difference between boys and girls at any age in the responses of heart rate or blood pressure to exercise. In age group 3, however, boys were able to exercise for a significantly longer period and perform a significantly greater amount of work (p < 005) than girls.
Age-We found no significant difference between age groups 1 and 2 in the heart rate or blood pressure response to exercise. Age group 3, however, had a significantly greater heart rate increase (but not blood pressure increase) than did the younger patients. In addition, the older patients tended to exercise for longer, and perform more work per square metre of surface area. In boys the total workload per square metre correlated with age (r=0-57 p<0-05), but there was no significant correlation between age and workload in girls.
Since total workload is in part dependent on effort and aerobic capacity we assessed the age dependence of the anaerobic threshold as well as the total workload in the subgroup in which venous blood gases were measured. Aerobic work was defined as the work per square metre achieved before there was an abrupt decrease in base deficit (anaerobic threshold).
There was a very strong correlation between aerobic work and age (r = 0 83, p < 0 05). In this subgroup, however, there was no significant correlation between total workload and age (see Fig. 1 investigated for minor arrhythmias, one for chest pain, and one had had repair of an atrial septal defect. In all five patients the ejection fraction increased by at least 5% (5 ejection fraction units) with exercise. CT, method based on regional counts; GEO, method based on geometric volume determination; LV, left ventricle; RV, right ventricle.
patients (+ 234(65)%). Changes in cardiac index ranged from + 129o% to + 448%. Neither age nor total workload per square metre, however, correlated with change in cardiac index. Figure 3 shows the ventricular volumes at rest and with exercise. The responses of right and left ventricular end diastolic volumes to exercise were variable. Eight patients showed increases in left ventricular end diastolic volume with exercise, whereas the rest showed a decrease. Similarly, for the right ventricle, 10 patients showed an increase in end diastolic volume and the remaining patients showed a decrease. The mean (SD) change in left and right ventricular end diastolic volumes for the whole group was -9-8(19 8)% and -8 1(19-8)% respectively. The differences between the mean resting and mean peak exercise end diastolic volumes were not statistically significant. The response of the end systolic volumes to exercise was more consistent than that of the end diastolic volumes (Figs. 3c and 3d ). All but one patient showed a decrease in left ventricular end systolic volume with exercise. The mean (SD) change for the group was -29(22)%. Similarly, right ventricular end systolic volumes increased with exercise in only two patients. The mean change in right ventricular end systolic volume with exercise was -30 (19)%. The peak exercise end systolic volumes of both ventricles were significantly less than their resting end systolic volumes.
Ventricular volumes
One patient in whom left ventricular end systolic volume increased with exercise also showed a 9% decrease in left ventricular ejection fraction. This patient had a history of supraventricular tachycardia but was otherwise normal. In two patients right ventricular end systolic volume increased with exercise. One of these patients (history of supraventricular tachycardia) had an increase in both left and right ventricular ejection fractions with exercise of 6% and 8% respectively. The remaining patient (postoperative atrial septal defect repair) showed an increase of only 4% and 2% for his left and right ventricles respectively.
We Our results for blood pressure and heart rate response and total work resemble those for upright bicycle exercise in normal children'9 and those for treadmill exercise in normal children. 20 In common with these previous studies, we also found that exercise duration and total workload increase with age. In addition, we found that separate analysis of aerobic and anaerobic work by means of venous blood gases seemed to improve our assessment of working capacity by increasing the correlation between age and total workload.
Cardiac output in response to exercise has been measured in normal children by Cumming2 ' and by Lock et al. 22 They found a mean increase in cardiac output of 187% and 258% respectively. These results resemble the increase of 234(65)% in our study.
The ejection fraction response to exercise for both ventricles has been described in normal adults. 23 -25 In adults, as in our children, the ejection fraction for both ventricles usually increases by at least 5% (5 ejection fraction units) with exercise. We found that a decrease in right or left ventricular ejection fraction of more than 5% is quite unusual in normal children (1 of 32) and we regard this as an abnormal response. Interpretation of an abnormal ejection fraction response, however, must be cautious because this measure -of ventricular performance is influenced by preload, afterload, and contractility.
Relative changes in the end systolic and end diastolic volumes with exercise determine the ejection fraction response to exercise. We found that the right and left ventricular end systolic volumes usually decrease with exercise, whereas the response of the end diastolic volume is variable. Indeed we consider an increase in end systolic volume with exercise to be abnormal since this response is very unusual in normal children. End diastolic volume is more likely to increase during upright exercise.26
We conclude that exercise radionuclide ventriculography is an excellent technique for combined assessment of exercise capacity and evaluation of ventricular size and performance in children.
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